, is important for musculoskeletal and non-musculoskeletal health. Vitamin D deficiency has been related to rickets, diabetes mellitus, metabolic syndrome, hypertension, cardiovascular disease, and cancer [1] [2] [3] [4] [5] [6] . Sun exposure, dietary and supplementary vitamin D intake, race, age, sex, obesity, skin color, and tea intake have been previously reported to be associated with circulating levels of 25(OH)D [7] [8] [9] [10] Chinese. Nine common variants of VDR, GC and CYP2R1 were genotyped using multiple SNaPshot assay, and serum 25(OH)D was detected by radioimmunoassay. The prevalence of vitamin D deficiency (<50 nmol/L) was 38.8%, which is higher in women (46.2%) than in men (34.3%, P<0.0001). The risk alleles of three common variants of GC (rs7041, rs4588, and rs2282679) were significantly associated with a lower serum levels of 25(OH)D (-1.789 ≤β ≤-3.549, P ≤0.006), while common variants in VDR and CYP2R1 were not associated with serum levels of 25(OH)D after adjusted for covariates (P ≥0.30). None of the nine common variants were associated with the presence of vitamin D deficiency in multivariable adjusted logistic regression analyses (P ≥0.17). Haplotype-based analyses of GC-rs7041 and rs4588 showed that the haplotype Gc2-2 (rs7041 AA and rs4588 TT) had the lowest levels of 25(OH)D compared with other haplotypes that contained at least one copy of Gc1 allele (Ptrend <0.0001). Our results suggest that the common variants of GC are genetic determinants of serum 25(OH)D in Chinese.
heritability estimates ranging from 23 to 80% [14, 15] . Thus, genetic variants in the vitamin D metabolism pathway are widely investigated. Recently, genetic association studies including genome-wide association studies (GWAS) have identified that a majority of SNPs are associated with circulating levels of 25(OH) D and vitamin D deficiency [11, 12, [16] [17] [18] [19] [20] [21] [22] [23] . However, these genetic association studies are mainly conducted in Western populations, and it remains to be confirmed whether these genetic variants have similar effects in Chinese.
In this cross-sectional study, we aimed to assess the association of genetic variants in VDR (vitamin D receptor; rs2228570, rs731236, and rs1544410), GC ("group-specific components"; rs7041, rs4588, and rs2282679), and CYP2R1 (cytochrome, P450, family 2, subfamily R, polypeptide 1; rs12794714, rs1993116, and rs10741657) with serum levels of 25(OH)D and vitamin D status among 1,199 Chinese.
ing was defined as at least 1 cigarette smoked per day. Current alcohol intake was defined as consumption of at least 1 drink per week. Body mass index (BMI) was calculated as body weight in kilograms divided by body height in meters. Overweight and obesity was defined as a body mass index of 25 kg/m 2 and higher. The metabolic syndrome was defined according to the updated ATP III criteria for Asian Americans [27] as the presence of three or more of the following component: 1) waist circumference ≥90 cm for men or ≥80 cm for women; 2) blood pressure ≥130/85 mmHg or current use of antihypertensive drugs; 3) triglycerides ≥1.7 mmol/L; 4) HDL cholesterol <1.03 mmol/L for men or <1.29 mmol/L for women; 5) fasting glucose ≥5.6 mmol/L or current use of drugs to treat hyperglycemia. Estimated glomerular filtration rate (eGFR) was calculated using the Modification of Diet in Renal Disease (MDRD) Study equation: GFR = 186 × (serum creatinine, mg/dL) -1.154 × (age, years) -0.203 × (0.742 if female) [28] .
SNP selection and genotyping
We selected the SNPs using a candidate pathway approach based upon previous studies [11, 14, 17-19, 23, 29-32] . VDR, which maps on the chromosome 12q12-q14, is one of the candidate genes of vitamin D deficiency. Previous studies have related genetic variants of VDR with circulating vitamin D levels [29, 30, 32] . The minor allele of VDR-rs2228570 (previous dbSNP ID rs10735810), which introduces a Fok I site to exon 2 and leads to a VDR protein that is three amino acids longer by introducing a start codon, was associated with higher levels of 25(OH)D in two studies [29, 30] . Furthermore, in a Brazilian study of 234 healthy girls aged 7 to 18 years, the rs1544410 (also known as Bsm I) and rs731236 (also known as Taq I) wild variants of VDR were associated with lower levels of vitamin D [32] . GC, which encodes vitamin D binding protein, is located on 4q12-q13. Genetic variants of GC, including the GC-rs4588, rs7041, and rs2282679, have been widely investigated and reported to be associated with the levels of vitamin D across different populations [11, 17, 19, 23, 31] . In addition, rs12794714, rs10741657, and rs1993116 of CYP2R1, which maps on the chromosome 11p15.2, were also associated with the levels of vitamin D in previous studies [14, 18, 19, 23] . Totally, 9 SNPs including VDR-rs2228570, rs1544410, rs731236, GC-rs4588, rs7041, rs2282679, CYP2R1-rs12794714, rs10741657and rs1993116, were materials and methods
Study population
Our analyses were based on cross-sectional comprehensive health examinations for unrelated employees and retired workers of a factory in Dali (25°N), Yunnan Province, China. The details of the study design have been reported previously elsewhere [24, 25] . In brief, 1,443 participants were recruited from March to May, 2010. Of the 1,443 participants, 244 were excluded because of inadequate blood sampling to test 25(OH) D or to extract DNA (n =191), or lack of demographic data (n = 53). Thus, a total of 1,199 participants were included in the present analysis. The Ethics Committee of the Affiliated Hospital of Dali University approved the study protocol. All subjects gave written informed consent.
Field work and definitions
One physician measured each participant's brachial blood pressure three times consecutively using an automatic blood pressure monitor (Omron HEM 7011, Kyoto, Japan), after the participants have rested for at least 5 minutes in the sitting position. The three blood pressure readings were averaged for analysis. The same observer also administered a standardized questionnaire to collect information on medical history, smoking habits, alcohol consumption and the use of medications. A trained technician performed anthropometric measurements, including body height, body weight, and waist and hip circumferences.
Overnight fasting blood was taken for the measurements of serum glucose, triglycerides, high-density lipoprotein (HDL) cholesterol and creatinine. Serum was also stored at -30°C for the measurement of 25(OH) D. Serum levels of 25(OH)D was detected by radioimmunoassay (Diasorin Inc, Stillwater, Minnesota, USA). The intra-and interassay coefficients of variation were 6.0% and 5.6%, respectively. The analytic sensitivity of the measurement of serum 25(OH)D was 3.8 nmol/L.
Vitamin D deficiency was defined as serum 25(OH) D <50 nmol/L according to the recommendation of the Institute of Medicine [26] . Hypertension was defined as sitting systolic blood pressure ≥140 mmHg or diastolic blood pressure ≥90 mmHg, or current taking of antihypertensive drugs. Diabetes mellitus was defined as fasting blood glucose ≥7.0 mmol/L, or as current use of oral hypoglycemic agents or insulin. Current smok-Bonferroni adjustment was applied for multiple testing. All the analyses were performed under an additive model. Deviation from Hardy-Weinberg equilibrium was assessed by the Pearson χ 2 test. The linkage disequilibrium structure was examined using Haploview 4.2 with the Gabriel confidence interval method [33] . We performed haplotype interaction analysis of the genes containing the significant SNPs in the same block. The ANOVA method was used to compare the difference of serum levels of 25(OH)D across haplotypes. All P-values were two-tailed, and significance was defined as P ≤0.05.
Results

Characteristics of the study population
The 1,199 participants included 450 (37.5%) women, 381(31.8%) overweight/obese participants, 267 (22.3%) participants with the metabolic syndrome, and 465 (38.8%) participants with vitamin D deficiency. Table 1 shows the characteristics of the study participants by sex. Men and women had similar characteristics, except (P ≤0.05) that men were older, and had a greater BMI, higher waist circumference, higher serum levels of 25(OH)D and fasting glucose, and higher proselected for genotyping in our study.
DNA was extracted from peripheral leukocytes using a salting out kit (DP319, Tiangen, Beijing, China). Genotyping was performed using the multiplex SNaPshot assay with the ABI 3130XL Genetic Analyzer (Applied Biosystem, CA, USA). The genotyping success rates for the 9 SNPs were all >99% and the concordance rates were >99% based on 10% duplicate samples.
Statistical analysis
For database management and statistical analyses, we used SAS software version 9.2 (SAS Institute, Cary, North Carolina, USA). Participant characteristics were presented as mean±SD or proportion. Means and proportions were compared with the Student t test and Fisher's exact test, respectively. General linear regression models were used to investigate the association of individual SNP with serum levels of 25(OH)D while accounting for age, sex, BMI, current alcohol intake, current smoking and eGFR. The β coefficient represents the per risk-allele variation in the serum levels of 25(OH)D. Multivariable adjusted logistic regression models were used to investigate the association of individual SNP with the presence of vitamin D deficiency. of the GC and CYP2R1 variants were significantly associated with the presence of vitamin D deficiency (P ≥0.16, Fig. 1, Fig. 2 ).
Linkage disequilibrium (LD) and haplotype analyses of the significant SNPs LD analysis indicated that GC-rs4588 and rs2282679 were in strong LD (r 2 = 0.96), while GC-rs7041 was in modest LD with GC-rs4588 (r 2 = 0.16) and GC-rs2282679 (r 2 = 0.15). Two of the three SNPs (rs4588 and rs7041) in GC formed a block in LD analysis (Fig. 3) . The CYP2R1-rs1993116 and rs10741657 were in strong LD (r 2 = 0.99), while CYP2R1-rs12794714 was in modest LD with rs10741657 (r 2 = 0.31) and rs1993116 (r 2 = 0.31). The three SNPs in CYP2R1 formed one block in LD analysis (Fig. 3) .
We also evaluated the combined effect of GC-rs4588 and rs7041, which were previously shown to jointly determine three well-described protein transcripts: Gc1s, Gc1f and Gc2 [34] . As shown in Table 4 , the mean serum levels of 25(OH)D was highest for participants with two copies of the Gc1s allele (Gc1s-1s, rs7041 CC, rs4588 GG), lowest for participants with two copies of Gc2 allele (Gc2-2, rs7041 AA, rs4588 TT), and intermediate for those with any Gc or Gc1f haplotype (Ptrend <0.0001).
portions of current alcohol intake and smoking, overweight/obesity and hypertension. Men, compared with women, had a significantly lower proportion of vitamin D deficiency (34.3% vs. 46.2%, P <0.0001).
Serum 25(OH)D, vitamin D status and SNPs of VDR, GC and CYP2R1
The genotype frequencies of the nine SNPs in the three selected genes did not deviate from the HardyWeinberg equilibrium (P ≥0.06), and were similar in men and women (P ≥0.10). In multivariable adjusted linear regression analyses, the risk alleles of the three GC SNPs were all significantly associated with lower serum levels of 25(OH)D (-3.549 ≤β ≤ -3.077, P ≤0.006, Table 2 ). None of the variants in VDR and CYP2R1 were significantly associated with serum levels of 25(OH)D (Table 2) . Secondary analyses that additionally adjusted for the metabolic syndrome, type 2 diabetes mellitus, hypertension, or overweight and obesity instead of BMI did not change the association of GC SNPs (rs2282679, rs7041, rs4588) with serum levels of 25(OH)D.
The genotype frequencies of the nine SNPs were similar in the presence (n = 465) and absence of vitamin D deficiency (n = 734) (P ≥0.17, Table 3 ). Multivariable adjusted logistic regression analyses showed that none polymorphisms in the study population. Vitamin D deficiency was defined as serum 25(OH)D <50 nmol/L. Symbols and vertical lines denote odds ratio and 95% confidence interval, respectively. The analysis was adjusted for age, sex, body mass index, current alcohol intake, current smoking and eGFR. For each genotype, the number of participants is given at the bottom. OR, odds ratio. P §, P value with Bonferroni adjustment. modify the effects of GC on 25(OH)D concentration. Indeed, GC-rs4588 and rs7041 were only significantly associated with 25(OH)D in individuals whose blood was drawn in summer but not in winter months and in individuals with vitamin D intake ≥400 IU/d but not <400 IU/d [21] . Thus, the possibility of a chance finding in this Chinese study cannot be entirely excluded. CYP2R1 encodes vitamin D hydroxylase which hydroxylates vitamin D at 25-C position for synthesis in liver [36] . In line with previous studies, we found the risk alleles of CYP2R1-rs10741657 and rs1993116 were marginally associated with lower serum levels of 25(OH)D without Bonferroni adjustments [14, 18, 19, 23] . Indeed, in a genome-wide association study, Wang et al. [19] found that CYP2R1-rs10741657 was significantly associated with 25(OH)D levels in 30,000 individuals of European descent from 15 cohorts. Bu et al. [18] also found that the CYP2R1-rs10741657 was associated with serum levels of 25(OH)D among healthy Caucasian subjects. In addition, Robien et al. [23] found that all these three SNPs were significantly associated with 25(OH)D concentration in Chinese. The CYP2R1-rs12794714 is less investigated compared with other SNPs in previous studies. Two previous studies found that the risk allele of CYP2R1-rs12794714 was associated with lower levels of 25(OH)D [12, 23] . The reason for non-significant association between CYP2R1-rs12794714 and serum levels of 25(OH)D in the present study is unknown.
VDR, which mediates the hormonal effects of 1,25(OH) 2 D 3 , is far less investigated in previous studies. Our study was the first that investigated the association of common genetic variants in VDR with serum levels of 25(OH)D and vitamin D status in Chinese. However, we did not find any significant association between common genetic variants (rs2228570, rs731236, and rs1544410) and serum levels of 25(OH) D. Our finding is consistent with previous studies [18, 37] , although there is some evidence that VDRrs2228570 is associated with 25(OH)D in patients with multiple sclerosis [29, 30] . However, our finding awaits replication.
Our study should be interpreted within the context of its strengths and limitations. A strength of present study was its rapid completion, which minimized seasonal changes of circulating levels of 25(OH)D. In addition, our findings were generally consistent between present research and previous studies on genetic determinants of 25(OH)D. However, our study was cross-
Discussion
The main finding of our study was that genetic variants in GC were significantly associated with serum levels of 25(OH)D in Chinese. Indeed, risk alleles of the common variants of GC (rs2282679, rs4588, and rs7041) were significantly associated with a lower serum levels of 25(OH)D.
GC, which encodes vitamin D-binding protein that binds to vitamin D metabolites and transports them to target tissues, is widely studied in Western populations and recent also in some Chinese studies. Among several genetic variants of GC, rs7041 and rs4588, in exon 11, led to a Glu/Asp amino acid change at codon 416 and a Thy/Lys amino acid change at codon 420 [35] , respectively. These two SNPs are the most commonly studied and repeatedly reported to be associated with lower levels of 25(OH)D. Our finding is in line with the results of several [11, 17, 19, 23, 31] , but not all [12] , recent studies that investigated the association between the genetic variants of GC and vitamin D. In a study of 3,210 Han Chinese from Beijing and Shanghai, Lu et al. [11] found that the risk alleles of GC-rs2282679, rs4588 and rs7041 were significantly associated with lower levels of plasma 25(OH)D. The haplotype that contained all three risk alleles, and the C allele of rs1155563 was associated with lower levels of plasma 25(OH)D when compared with the haplotype that carried the four protective alleles. In 504 Chinese from Singapore, Robien et al. [23] also found that GC-rs2282679, rs4588 and rs7041 were significantly associated with 25(OH)D concentration. In addition, the Gc2-2 haplotype had the lowest concentrations of 25(OH)D among all the haplotypes consisting of GC-rs4588 and rs7041, which was consistent with our finding [23] . However, in a study of 506 Northeastern Han Chinese children recruited from outpatient clinic, Zhang et al. [12] did not find a significant association of GC-rs2282679, rs4588, rs7041 with serum levels of 25(OH)D after Bonferroni correction for multiple testing. The possible explanations for these discrepancies include: (1) the participants of their study were recruited from the outpatient clinic, which might have confounded the interpretation of the results; (2) more than half of the participants were on regular vitamin D supplementation, although participants received vitamin D treatment or supplementation above 400 IU/d were excluded. In fact, Engelman et al. [21] found that vitamin D intake and season could regulation of circulating 25(OH)D.
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sectional, hence no causal conclusion could be drawn. Moreover, the study participants were recruited from a workplace setting, therefore the results may not be generalizable to general population. Furthermore, the present study did not include all genetic variants in the vitamin D pathway, thus we cannot exclude the possibility that other variants might be associated with levels of 25(OH)D and vitamin D status. Finally, although none of the participants took vitamin D supplementation, we did not collect information on dietary vitamin D intake, sun exposure, and physical activity, which may partially confound our findings.
In conclusion, the common genetic variants of GC are associated with serum 25(OH)D in Chinese. If confirmed in prospective studies and in other study populations, our finding may have implications in the risk stratification and in understanding the role of GC in the
